Abstract-A low profile dual-band passive Ultra High Frequency Radio Frequency Identification (UHF RFID) tag antenna designed to operate at two RFID bands allocated for use in and Japan (950-956 MHz) is proposed. The antenna has two eccentric circular rings of different radii to provide dual band response. An arc-shaped strip with Impinj Monza-4 IC chip is used to feed the two rings simultaneously by microstrip-line coupling-feed technique. The proposed design is simulated using Ansoft HFSS, and the prototype is fabricated. The return losses at 866 MHz and 952 MHz are measured to be −12.25 dB and −12.99 dB, respectively, which are in good agreement with the simulated results. The proposed antenna exhibits a 10 dB bandwidth of 9 MHz from 862 to 870 MHz and an 8 MHz 10 dB bandwidth from 949 to 956 MHz covering the UHF RFID bands in Europe and Japan. The maximum read ranges are measured to be around 3 m in the 865-868 MHz band and 2.6 m in the 950-956 MHz band.
INTRODUCTION
Of late, Radio Frequency Identification (RFID) system has turned out to be one of the most popular automatic identification techniques, replacing the omnipresent barcodes in an increasing number of cases. It has found widespread application in supply chain management, health care, inventory, animaltracking, and security [1] . An RFID system consists of an electronic data-carrying device called the tag, an interrogator or reader, and a host computer with application software. Tags can be active (with on board source of power, like battery) or passive (without battery). A typical passive tag comprises an antenna and an IC chip. For practical applications, RFID tag antennas must be small, low profile, and suitable for low-cost mass production.
Generally four frequency bands are used for RFID systems; i.e., low frequency (125-134 kHz), high frequency (13.56 MHz), ultra-high frequency (860-960 MHz) and microwave frequency (2.45, 5.8 and 24 GHz) [2] . The ultra high frequency (UHF) tags have garnered more attention as they offer longer read ranges, higher reading speeds, enable simultaneous detection of more number of tags and need smaller antennas than low frequency (LF) and high frequency (HF) systems [3] . Transfer of data between the tag and the reader is achieved by near-field coupling with load modulation in LF and HF bands, whereas, in UHF bands, the principle of backscatter modulation is used [4] . In backscatter modulation, the tag antenna receives the modulated signal transmitted by the reader. The RF voltage developed across the antenna terminals powers up the chip. The chip acts as a switch to match or mismatch its internal load to the antenna by varying its input impedance leading to the effective modulation of the backscattered signal [5] .
Different parts of the radio spectrum have been allocated by different countries for RFID, viz. 866-869 MHz in Europe, 902-928 MHz in North and South America, and 950-956 MHz in Japan [6] . One of the important challenges is to design tags which can be operated at any two or more of these regulated UHF bands simultaneously. The tags which are capable of operating at two of the allocated frequencies simultaneously are referred to as dual-band tags. The dual-band tags are proposed as an alternative to broadband tags, as they provide better matching at two specific bands and higher read ranges than the later [7] . Several methods to obtain dual-band behaviour have been reported earlier in literature. One of the techniques is the simultaneous excitation of two orthogonal modes, i.e., TM 01 and TM 10 at the first and second resonant frequencies respectively [8] by proper selection of the feed location. The use of multiple patches to generate dual bands is reported in [9, 10] . In these structures, each of the multiple patches of different resonant lengths supports strong currents and radiations at different resonant frequencies, hence providing dual-band behaviour. Dual-band response can also be obtained by introducing reactive loads, such as stubs [11] , notches [12] , and slots [13] to a single patch, wherein the current distribution of one of the modes of the patch is modified to alter the resonant frequency of that particular mode without significantly affecting the other mode. Perturbation method to obtain dual-band response has been reported by Paredes et al. in [14] . In this method, spiral or split ring resonators coupled to a mono-band antenna (resonating at an intermediate frequency f 0 ) split the tag resonance into two (one beyond and the other below f 0 ) by perturbing the line impedance and electrical length of the antenna. Some of other methods to achieve dual-band response involve the use of AMC ground plane [15] in which the reflection phase of the ground plane is changed to obtain double resonance at two required frequencies of the material.
In this paper, a new low profile UHF RFID dual-band tag antenna consisting of two eccentric circular rings with a short-circuited arc-shaped feeding strip in between is presented. The outer ring resonates at 866 MHz, and the inner ring resonates at 956 MHz (catering to the RFID bands used in Europe and Japan respectively), hence providing dual-band response. The two rings are simultaneously excited by the arc-shaped feeding strip with the IC chip using microstrip-line coupling method [16] . The input impedance of conventional microstrip antennas is usually designed to match the 50 Ω impedance of the traditional feeder. However, in UHF RFID tags, the microchips have capacitive input impedance. Therefore, to enable maximum power transfer, the tag antenna must be designed to have inductive impedance for conjugate matching. The proposed antenna uses the commercially available Impinj Monza 4 tag chip (threshold power P th = −17.4 dBm), which has impedances of 13 − j151Ω at 866 MHz and 10 − j137Ω at 956 MHz [17] .
ANTENNA DESIGN
The geometry of the proposed RFID tag antenna is shown in Figure 1 . It has two eccentric circular ring patches. An arc-shaped strip in between these two rings serves as the feeding strip and excites both the rings simultaneously. An eccentric circular ring patch covers smaller copper area than a regular circular patch. Therefore, it stores less energy beneath it than a circular patch of the same radius owing to its smaller dimension. This reduces the quality factor as the quality factor is directly related to the stored energy and is given by the equation:
With a decrease in the quality factor, the bandwidth increases as the quality factor is inversely proportional to the bandwidth [18] . Thus, the eccentric circular rings lead to bandwidth enhancement of the tag antenna. The entire design is printed on a commercially available 1.6 mm thick, inexpensive, FR-4 substrate of dielectric constant ε r = 4.4 and loss tangent tan δ = 0.002. The overall size of the antenna is 91 × 91 mm 2 . The antenna design is simulated using Ansoft High Frequency Structure Simulator (HFSS) software. The optimized values of all the parameters are enlisted in Table 1 .
The microchips used in UHF RFID tags have capacitive input impedance. For maximum power transfer, tag antennas are designed to have inductive impedance for conjugate matching. In order to achieve dual-band response, the impedances of the tag antenna must be matched with the chip impedances at both the resonant frequencies. The arc-shaped short-circuited microstrip-line structure consisting of the microchip (at an angle β = 22 • with the x-axis) is used to excite the two rings simultaneously by coupling feed technique. It has been reported in the literature [16] that in coupling feed technique, the impedance of a tag antenna is contributed by the total length, width of the microstrip-line feeding structure and also the coupling distance between microstrip line and patch. The reactive part of the tag antenna impedance is mainly determined by the inductive reactance of the short-circuited microstrip line. To acquire an inductive reactance of X c , the required length (l) of the arc-shaped short-circuited microstrip line can be calculated using the formula [19] :
where λ is the free space wavelength at the operating frequency, and Z o is the characteristic impedance of the short-circuited microstrip line. The value of Z o of a microstrip line is approximated as follows [19] :
where t is the width, and ε e is the effective dielectric constant of the microstrip line. Using Eq. (3) the characteristic impedance Z o is calculated to be 63.6 Ω for the arc-shaped strip of thickness t = 2 mm. As the arc-shaped microstrip-line excites both the rings simultaneously, it is designed to obtain an impedance matching at an intermediate frequency of 911 MHz. By extrapolation, the chip impedance at 911 MHz is obtained to be around 11.16 − j143.65Ω. To obtain the reactance of j143.65Ω, we have chosen the total length of the arc-shaped microstrip line to be 54.5 mm which is quite close to the value obtained from Eq. (2). The resistive part of the input impedance is 11.16 Ω and can be obtained by tuning the coupling distance d between the arc-shaped strip and the eccentric circular rings. Here, the coupling distance is chosen to be d = 0.75 mm. Two shorting pins, of radius 0.5 mm each, connect the arc-shaped feeding strip to the ground plane (of area 91 × 91 mm 2 ) on the opposite side of the substrate.
Initially, only the larger ring (Antenna 1) of outer radius, r 1 = 59.9 mm, and inner radius, r 2 = 46 mm, is taken and excited by the arc-shaped strip, as shown in Figure 2(a) . It is found to Figure 3 .
The surface current distributions of the proposed tag antenna at the higher and lower resonant frequencies are illustrated in Figure 4 . From Figure 4 , it can be clearly observed that at lower resonant frequency, i.e., at 866 MHz, the magnitude of current in the larger ring is more than that of the smaller ring, whereas the current distribution is more in the smaller ring than in the larger ring at the higher resonating frequency, i.e., at 956 MHz. Hence, it can be concluded that the smaller ring is responsible for resonance at the upper frequency band, and the larger ring is responsible for resonance at the lower frequency band. 
PARAMETRIC ANALYSIS

The Effects of Varying R 1 and R 4
In the proposed dual-band tag antenna, the outer ring is responsible for the resonance at the lower band and the inner ring for the higher frequencyband. If R 1 is increased, keeping all other parameters constant, the dimension of the larger ring increases. This decreases the resonant frequency of the lower band. Figure 5 shows that with varying R 1 from 39.3 mm to 39.5 mm, the resonant frequency shifts from 869 MHz to 864 MHz without affecting the higher band. Similarly, by changing the value of R 4 , keeping other parameters unchanged, the higher band can be tuned without much influence on the lower band. The effects of varying R 4 are shown in Figure 6 . As R 4 is increased from 23.9 mm to 24.1 mm, the dimension of the smaller ring decreases, which in turn shifts the upper band resonating frequency from 952 MHz to 959 MHz. 
The Effects of Tuning β
The chip is attached to the short-circuited microstrip feed-line making an angle β with positive x-axis. As β is decreased, both the real and imaginary parts of impedance increase. Thus, it is observed that with varying β proper impedance matching is obtained. Figure 7 shows different positions of the chip as β is decreased from 45 • to 22 • , and their corresponding impedances are plotted in Figure 8 . The best impedance matching is obtained at β = 22 • where the simulated impedances of the antenna are found 
RESULTS AND DISCUSSION
Reflection Coefficient
The proposed dual-band tag antenna is fabricated by using the standard etching technique with PCB Prototyping machine (LPKF ProtoMat S103). Figure 9 shows the fabricated antenna. Of the different input impedance measurement techniques that can be employed for RFID tag antennas (viz., using baluns probes, mirror theories, differential probe [20, 21] ), the differential probe method is used here to measure the input impedance at both the frequencies. Anritsu vector network analyzer (Model No. MS2038C) is used for the measurement of the input impedance through differential probes as shown in Figure 10 . Figure 11 shows the simulated and measured impedance plots of the antenna. The simulated impedances of the antenna are found to be 11. 
Read Range
To calculate the read range of the tag, Friis' free-space formula [22] is used, as given below:
where λ is the wavelength; P t is the power transmitted by the reader; G t and G r are the gains of the transmitting and receiving antennas, respectively; P th is the minimum threshold power required to activate the RFID tag IC chip (for Impinj Monza 4 IC chip, P th = −17.4 dBm); τ is the power transmission coefficient which is given by,
where Z chip = R chip + jX chip is the impedance of the IC chip, and Z a = R a + jX a is the impedance of the tag antenna. The product of the power transmitted by the reader and the gain of the transmitting antenna (i.e., P t G t ) is the transmitter's effective isotropically radiated power (EIRP), which is allotted for different regions as per the International Telecommunication Union frequency regulations. The value of EIRP in European frequencies is 3.3 W, whereas in Japan it is 4 W [23] . The simulated gain of the antenna at different values of frequency is plotted in Figure 13 . Using these values of gain, the read 
Radiation Pattern
The radiation patterns of the antenna at 866 MHz and 956 MHz are simulated and found bidirectional, which are desirable for RFID applications. Figure 15 shows the simulated radiation patterns at both the frequencies.
A comparison of the proposed antenna with some of the UHF dual-band RFID tag antennas reported in the literature is shown in Table 2 . Although the antennas reported in [24, 25] are smaller in dimension than the proposed antenna, considerable increment in the read range has been achieved in the designed antenna. 
CONCLUSION
A UHF dual-band RFID tag antenna, operating at 866 MHz and 956 MHz bands allocated for the use in Europe and Japan, respectively, is designed and fabricated. The antenna consists of two eccentric circular rings where each of the rings resonates at one of these operating bands. Both the rings are excited simultaneously by a short-circuited arc-shaped strip (to which the RFID tag chip is attached) by microstrip-line coupling-feed technique. The simulated and measured reflection coefficients of the antenna are in good agreement with each other. The measured read ranges of the antenna are found around 3 m in 865-868 MHz band and 2.6 m in 950-956 MHz band. Bidirectional radiation patterns are obtained at both the frequencies rendering it useful for different RFID applications in both Europe and Japan.
